In the East China Sea, hypoxia (oxygen ≤ 62.5 mmol m −3 ) is frequently observed off the Changjiang (or Yangtze) River estuary covering up to about 15,000 km 2 . The Changjiang River is a major contributor to hypoxia formation because it discharges large amounts of freshwater and nutrients into the region. However, modelling and observational studies have suggested that intrusions of nutrient-rich oceanic water from the Kuroshio Current also contribute to hypoxia formation. The relative contributions of riverine versus oceanic nutrient sources to hypoxia have not been estimated before. Here, we combine 5 a three-dimensional, physical-biogeochemical model with an element tracing method to quantify the relative contributions of nitrogen from different riverine and oceanic sources to hypoxia formation during 2008-2013. Our results suggest that the hypoxic region north of 30 • N is dominated by Changjiang River inputs, with its nitrogen loads supporting 74% of oxygen consumption. South of 30 • N, oceanic nitrogen sources become more important supporting 39% of oxygen consumption during the hypoxic season, but the Changjiang River remains the main control of hypoxia formation also in this region. Model scenarios 10 with reduced Changjiang River nitrogen loads and reduced open-ocean oxygen levels suggest that nitrogen load reductions can significantly reduce hypoxia in the East China Sea and counteract a potential future decline in oxygen supply from the open ocean into the region.
summer. Zhao and Guo (2011) and Zhou et al. (2017a) used model sensitivity studies to highlight the role of oceanic nutrient sources on productivity and hypoxia in the ECS, respectively. Zhang et al. (2019) combined a physical-biogeochemical model with an element tracing method (e.g. Ménesguen and Hoch, 1997) to quantify the relative contributions of different nutrient sources to primary production (PP). They found that riverine nitrogen (N) supports 56% of water column integrated PP in the ECS regions shallower than 50 m. With organic matter degradation being the main sink of O 2 in the subsurface waters of the 40 ECS (Li et al., 2002) , this suggests that riverine N also dominates O 2 consumption. However, a quantification of the relative contributions of riverine versus oceanic nutrient sources to hypoxia has not been available until now.
By combining a high-resolution biogeochemical model with this active element tracing method expanded for the quantification of the contributions to O 2 processes (Große et al., 2017 (Große et al., , 2019 , we provide such an analysis here. We apply the element tracing method to an implementation of the Regional Ocean Modeling System (ROMS; Fennel et al., 2006; Haidvogel et al., 45 2008) configured for the ECS (Zhang et al., same issue) . This allows us to quantify the contributions of N from different riverine and oceanic sources to hypoxia formation in the ECS and analyze year-to-year and seasonal variability in the individual contributions resulting from the East Asian monsoon cycle. In addition to supplying nutrients, the intrusions of open-ocean subsurface waters are relevant to hypoxia by preconditioning O 2 concentrations in the region. Subsurface O 2 has declined over the past decades in the northwest Pacific (Schmidtko et al., 2017) and is projected to continue decreasing in the future 50 (Bopp et al., 2017) , which may further exacerbate hypoxia in the region (Qian et al., 2017) . We analyze the effect of reduced open-ocean O 2 concentrations on hypoxia under current and reduced N loads from the Changjiang River and compare our results to previous findings for the NGoM's hypoxic zone.
2 Methods 2.1 The physical-biogeochemical model 55 We used an implementation of ROMS (Haidvogel et al., 2008) for the ECS (Bian et al., 2013) . The model covers the region from 116 • E to 134 • E and from 20 • N to 42 • N with a resolution of 1/12 • (Fig. 1) with 30 terrain-following σ-layers. The biogeochemical component is based on the N-cycle model of Fennel et al. (2006 Fennel et al. ( , 2011 but was expanded to include phosphate Laurent et al. (2012) , oxygen Fennel et al. (2013) and riverine dissolved organic matter Yu et al. (2015) open-ocean O 2 scenario was repeated for reduced river N as in the N reduction scenario.
Passive freshwater and active nitrogen tracing
Passive dye tracers were used to track FW inputs from the Changjiang River similar to previous ROMS applications (Große et al., 2019; Hetland and Zhang, 2017; Rutherford and Fennel, 2018; Zhang et al., 2010 Zhang et al., , 2012 . The rate of change of the 90 concentration of a passive dye tracer from the i-th source (C i p ) is described as:
Here, D is the second-order diffusion tensor (or diffusivity), v is the velocity vector, and S C i p represents the external dye tracer sources (i.e. riverine FW discharge). The dye tracer was initialized with zero in the entire model domain. Changjiang FW River on stratification (i.e. potential energy anomaly; Simpson, 1981) .
In addition, we applied an active element tracing method (Große et al., 2017; Ménesguen et al., 2006; Radtke et al., 2012) to quantify the contributions of different N sources to O 2 consumption. For this purpose, each model variable containing N is subdivided into fractions from the different source regions or rivers. The rate of change of a specific source fraction is described as:
(2) C X and C i X represent the concentrations of state variable X (e.g. NO − 3 ) and its labeled fraction from the i-th source (e.g. NO − 3 from the Changjiang River), respectively. R C X describes internal and external sources and sinks of X. According to Eq. (2), source-specific processes are calculated as the product of the processes acting on each state variable (e.g. NH + 4 uptake during nitrification) and relative concentration of its source-specific fraction. The index 'con' in the source/sink term implies 105 that the relative concentration of the variable consumed by a process is used; e.g. source-specific nitrification is calculated based on the relative concentration of NH + 4 . For each traced source, one set of equations of the form of Eq.
(2) is applied using the post-processing software of Große et al. (2017) , which has been adapted for ROMS (Große et al., 2019) . N tracing is only applied in the region without NO − 3 nudging (see 'tracing region' in Fig. 1 ). Inside this region, we simultaneously traced N from five different sources: the Changjiang River, three other smaller rivers (Minjiang, Hanjiang and Oujiang Rivers; grouped into 110 one source), the Taiwan Strait (at the southern boundary of the tracing region), the Kuroshio Current (at the eastern boundary), and the Yellow Sea (at the northern boundary; see Fig. 1 ). Tracers that leave the tracing region cannot reenter. This tracer setup is similar to that of Zhang et al. (2019) , with the difference that we separate the Changjiang River from smaller rivers and that we do not account for atmospheric nutrient deposition.
We applied the N tracing to the reference simulation. To spin up the tracing, we first re-ran year 2006 three times. For the 115 first iteration, all N mass already in the system was attributed to the small rivers. Subsequent iterations were initialized from the final distribution of the previous year, followed by 2007 as an additional spin-up year. This procedure ensures that the different N mass fractions have reached a dynamic steady state and produced realistic distributions at the beginning of the analysis period 2008-2013. 
Changjiang freshwater discharge and nitrogen concentrations
The Changjiang River is the main source of FW and nutrients in the ECS. Daily time series of its FW discharge and total nitrogen (TN) concentrations are shown in Fig. 2 . The FW discharge has a distinct seasonal cycle (highest in summer, lowest in winter) due to the monsoon season with high precipitation in summer (Wang et al., 2008) , and significant year-to-year variability. The TN concentrations also show high year-to-year variability. Based on the hypoxic area locations simulated in our model and the spatial patterns in GOC and its riverine contribution, we 140 defined two distinct analysis regions (black boxes in Fig. 3 ): a northern region where GOC is supported mainly by riverine N (>70%) and a southern region where the riverine contribution declines strongly from 75% to 20% in southeastward direction.
Spatial patterns in oxygen consumption
These regions are used to quantify how the relative contributions of riverine (Changjiang River and smaller rivers) and oceanic N sources (Kuroshio, Taiwan Strait and Yellow Sea) to GOC differ regionally. 
Year-to-year variability in source-specific oxygen consumption 145
In order to provide insight in the relative importance of the different N sources for hypoxia formation in the northern and southern hypoxic regions, Fig. 4 shows time series of average source-specific GOC and total hypoxic area from July to November for 2008 to 2013 in both regions. Here, we define total hypoxic area as the area experiencing hypoxia at any time during July to November. The corresponding values of total GOC and the relative contributions of the different sources are provided in Table   S1 . 150 In the northern region ( Fig. 4a ), riverine N sources (Changjiang and other rivers) account for 78.0 ± 5.9% of GOC averaged over 2008-2013, while oceanic sources support only 22.0 ± 5.9%. The Changjiang River constitutes the largest contribution ranging between 63.3% in 2013 and 78.2% in 2010, which are also the years of the smallest and largest hypoxic areas in this time series, respectively. This indicates that the Changjiang River is the main control on O 2 consumption in the northern region.
In the southern region ( Fig. 4b) , total GOC is about 24% lower than in the northern region, and the riverine contribution is 155 also lower (61.6 ± 5.7%). The average Changjiang contribution is 56.9 ± 5.1%, while the contributions from the Kuroshio and Taiwan Strait account for 19.5 ± 2.2% and 18.9 ± 3.2%, respectively. Clearly, N sources other than from the rivers play a role in the southern region.
Interestingly, larger hypoxic areas tend to coincide with high contributions from the Changjiang River and small oceanic contributions (2008) (2009) (2010) , while the tends to be Changjiang is less important in years of small hypoxic areas (2011 and 2013) .
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This suggests that the water mass distribution is an important factor for controlling the extent of hypoxia in the southern region, with a higher Changjiang contribution supporting larger hypoxic areas.
The water mass distribution in the southern region is strongly influenced by large-scale wind patterns, i.e. the East Asian monsoon, and variations in the wind field may affect both seasonal and year-to-year variability in GOC and thus hypoxia. Next, we analyze the seasonality of source-specific GOC and hypoxic area in relation to the large-scale winds in the southern region 165 in years of small and large hypoxic areas.
Seasonal cycle of oxygen consumption and hypoxia in the southern region
In the southern region, the largest and smallest hypoxic areas are simulated in 2008 and 2013, respectively. Figure 5 presents monthly time series of source-specific GOC and total hypoxic area for both years. In addition, it shows the 6-year monthly average of the meridional wind speed 10 m above sea level (v 10 ) and the corresponding anomalies for both years.
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In general, the Changjiang's GOC fraction tends to be high in spring (March and April) and in late summer (September). This Changjiang contribution diminishes. These increases (decreases) in the Changjiang contribution also coincide with significant increases (decreases) in FW thickness and thus stratification (see Fig. S2 ).
The significant year-to-year differences in both the Changjiang contribution to GOC and thus the hypoxic area can be 180 related to year-to-year variability in the wind field and also in FW discharge. The anomalously weak southward winds in September/October of 2008 allowed for a longer presence of Changjiang FW and nutrients in the region stimulating organic matter production and stabilizing vertical density stratification (see Fig. S2 ). The higher FW discharge in 2008 compared to 2013 (see Fig. 2 ) also supported stronger stratification. Consequently, the Changjiang contribution to GOC and thus hypoxic area remained large through October and only dropped in November. In June 2013, the anomalously weak northward winds 185 allowed Changjiang water to be transported into the region. This caused an increase in GOC and -supported by less windinduced mixing -stratification, and thus hypoxia. The opposite occurred in July/August of 2013, when anomalously strong northward winds pushed the Changjiang River water northward resulting in a decrease in GOC, stratification and thus hypoxia.
The results from sections 3.3 and 3.4 highlight the importance of Changjiang River nutrients for hypoxia formation in both the northern and the southern regions and suggest that N load reductions in the Changjiang River would mitigate hypoxia also 190 in the southern region. This raises the question how a potential future decline in open-ocean O 2 concentrations would affect hypoxia in the ECS, which is analyzed next.
Potential future changes in hypoxia
The open-ocean water masses travelling to the hypoxic region are not only relevant as N sources but may also act as sources Changjiang River N loads would affect hypoxia, we performed the scenario simulations described in section 2.1. Figure 6 shows the cumulative hypoxic exposure in the bottom layer from July to November averaged over 2008-2013 for the reference simulation (Fig. 6a) , the nutrient reduction scenario with 50% lower Changjiang River N loads (Fig. 6b ), the scenario with 20% lower open-ocean O 2 concentrations (Fig. 6c) (Fig. 6d) . Table 1 presents the corresponding changes in different hypoxia metrics between the reference case and the scenarios.
In the reference case (Fig. 6a) , hypoxia occurs between 28-32 • N and from the coast to about 123 • E, on average affecting 19.3 ± 8.1 × 10 3 km 2 . Maximum hypoxic exposure is 28 days in the central parts of the hypoxic region. Hypoxia is still present in the simulation with 50% lower Changjiang River N loads (Fig. 6b ), but its areal extent and hypoxic exposure are significantly reduced. Areas affected by continuous hypoxia of more than one and two weeks are reduced by >60%. Hypoxic area increases 205 by about 50% under reduced open-ocean O 2 concentrations ( Fig. 6c ) and regions affected by continuous hypoxia for more than one and two weeks expand by 86% and 118%, respectively (Table 1) .
Under reduced open-ocean O 2 and reduced Changjiang River N load (Fig. 6d ), simulated changes relative to the reference are still negative, although comparably small (see Table 1 ). This suggests that N load reductions constitute a potent means 
Discussion

Hypoxia under current environmental conditions
Previous observational studies of the hypoxic region off the Changjiang River Estuary have concluded that the regions north and south of 30 • N differ with respect to the nutrient sources contributing to hypoxia formation (Chi et al., 2017; Li et al., 2002; 215 Zhu et al., 2011) . The northern region is considered to be dominated by Changjiang River inputs, while oceanic nutrient sources are thought to be important in the southern region. Here, we present the first quantification of the relative contributions of the different nutrient sources to hypoxia formation. Our results show that the riverine contribution to GOC during the hypoxia season (July to November) during 2008-2013 steadily decreases from the northwest to the southeast in the region typically affected by hypoxia (see Fig. 3 ). The riverine contribution to GOC dominates the northern region, supporting 78.0 ± 5.9% of 220 GOC (73.9 ± 5.4% attributed to Changjiang River), while oceanic N supports only 22.0 ± 5.9% (15.2 ± 3.7% from Kuroshio; see Fig. 4a and Table S1 ) confirming that Changjiang River nutrient loads control O 2 consumption and thus hypoxia formation in the northern region.
When considering July-November averages in the southern region, the relative contribution of riverine N to GOC is 61.6 ± 5.7% (56.9 ± 5.1% from Changjiang River), while the oceanic contribution is 38.4 ± 5.7%, nearly twice the oceanic 225 contribution in the northern region, with roughly equal contributions from Kuroshio and Taiwan Strait (see Fig. 4b and Table   S1 ). However, analysis of the seasonal cycles of the source-specific contributions to GOC reveals that hypoxia expands whenever the Changjiang contribution to GOC increases (see Fig. 5 and Table S2 ). This demonstrates that the Changjiang River also is the major factor for hypoxia development in the southern region.
High Changjiang contributions to GOC correspond to high FW thicknesses and thus strong stratification (see Fig. S2 ), the 230 other essential factor for hypoxia formation and maintenance than biological O 2 consumption. In contrast, the hypoxic area is smaller during periods with high oceanic contributions as a result of reduced GOC and weaker stratification (see Figs. 5 and S2). Nevertheless, the relatively low subsurface O 2 concentrations in the oceanic water masses precondition the southern region for hypoxia formation.
Our analyses of the seasonal cycles of GOC and stratification in relation to the large-scale meridional winds further show 235 that the East Asian monsoon and its year-to-year variability result in seasonal and year-to-year variability in the contributions to GOC, in stratification, and thus in hypoxia in the southern region (see Fig. 5 ). During winter monsoon (September-April), the southward winds transport the Changjiang River plume towards the southern region, where it arrives in August/September supporting the formation of hypoxia. The opposite occurs during summer monsoon (May-August), when the northward winds transport oceanic water masses into the southern region and push the river plume northward out of the southern region.
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With respect to year-to-year variability, our analysis further shows that anomalies in the meridional winds during summer and during the transition from summer to winter monsoon (August-October) significantly affect the water mass distribution, and thus GOC and hypoxia on subseasonal scales, especially south of 30 • N (see Fig. 5 and Table S2 ). Particularly weak southward winds in September/October of 2008 resulted in a longer presence of the Changjiang River plume in the southern region, increasing stratification and GOC, which in turn caused the formation of the largest hypoxic area in that region during In general, our results are in agreement with Zhang et al. (2019) who found that riverine N supports 56% of water column integrated PP (8-year average) in the ECS regions shallower than 50 m, which are most susceptible to hypoxia (see Fig. 3 ).
This confirms the high contribution of Changjiang N to GOC found for our analysis regions. Similarly, the comparably low oceanic contributions, especially in the northern region, are in line with their results. Zhang et al. (2019) also found a relatively high contribution (22%) of atmospheric N to PP suggesting that atmospheric N deposition should be considered in future 260 biogeochemical modeling studies of the ECS.
Mitigation of hypoxia in the present and future
Our analysis of the changes in hypoxic area and hypoxic exposure under reduced Changjiang River N loads (see Fig. 6 and (Bopp et al., 2017 ) may significantly exacerbate hypoxia in the ECS, indicated by the expansion of both hypoxic and anoxic areas by about 50% (see Fig. 6 and Table 1 ). However, we further found that a 50% reduction of the Changjiang River N loads more than compensates for this increase in hypoxia. In the following, we compare the hypoxic zones of the ECS and the NGoM with respect to their sizes and timing, based on observations, and the main sources of O 2 consumption, based on the results of this study and an analogous nutrient tracing study for the NGoM (Große et al., 2019) . The key messages of this comparison are summarized in Table 2 .
The spatial extent of observed hypoxia in the ECS is similar to that in the NGoM, affecting areas on the order of 15,000 km 2 .
In the NGoM, hypoxia is frequently observed from May to September when seasonal stratification is strongest due to high riverine freshwater inputs. In the ECS, the hypoxic season starts about one month later in June, with hypoxia forming directly off Zhu et al. (2011 Zhu et al. ( , 2017 ; 3 Wang et al. (2012) the Changjiang River Estuary. Hypoxia can be observed until October/November, though the hypoxic zone moves southward over summer.
In the NGoM, riverine nutrients from the Mississippi and Atchafalaya Rivers dominate O 2 consumption. In the ECS, only in the region north of 30 • N is O 2 consumption dominated by riverine nutrient inputs that almost exclusively originate from 290 the Changjiang River. South of 30 • N, the oceanic contribution to O 2 consumption is comparable to that of riverine nutrients.
However, driven by year-to-year variability in the East Asian monsoon, the Changjiang River appears to be the main control of hypoxia formation also in the southern region. Similarly, the Mississippi River in concert with the local wind field seems to be the main control of year-to-year variability in hypoxic area in the NGoM. There, episodic upwelling-favorable winds can result in an offshore transport of Mississippi FW and nutrients leading to a reduction in stratification and O 2 consumption and 295 thus hypoxia (Feng et al., 2014) .
Conclusions
To our knowledge, this is the first study quantifying the relative contributions of individual riverine and oceanic nutrient sources on hypoxia formation in ECS using active element tracing. Therefore, it constitutes an important milestone towards the quantification of the contributions of riverine vs. oceanic nutrient sources to hypoxia formation in the ECS.
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Our results suggest that N from the Changjiang River is the dominant driver of O 2 consumption (73.9 ± 5.4%) north of 30 • N under present-day environmental conditions (2008) (2009) (2010) (2011) (2012) (2013) . Contrary to observational insights and despite high contributions of N from Kuroshio and Taiwan Strait to O 2 consumption on seasonal time scales (19.5 ± 2.2% and 18.9 ± 3.2%, respectively), the Changjiang River waters are also the main factor for hypoxia formation south of 30 • N.
Our analysis highlights the importance of considering subseasonal time scales for understanding the controls of hypoxia 305 formation and its year-to-year variability in this region. The East Asian monsoon and its associated change in large-scale wind patterns control water mass distribution and thus O 2 consumption and stratification. Year-to-year variability in the intensity
